Objective: Studies about the association between birth weight and circulating cortisol level have been published from 1998 onwards. However, their findings were inconsistent. To quantitatively assess the overall association between birth weight and circulating cortisol level, we aimed to perform a metaanalysis of the published literature. Methods: A literature search was conducted in PubMed, and selected papers were systematically reviewed. A pooled regression coefficient was calculated for the entire group as well as for males and females separately. Results: Data from 11 study populations were pooled (n ¼ 2301). These populations differed with respect to geographical area, age, sex distribution, inclusion criteria and gestational age. We found a statistically significant inverse association between birth weight and circulating cortisol level: a 1 kg lower birth weight was associated with a 25.3 nmol/l (95% confidence interval (CI): 5.9-44.8) higher cortisol level. Separate results were reported for males and females in six study populations. The association in males was 20.6 nmol/l per kg (95% CI: 4.2-37.0) and in females it was 30.9 nmol/l per kg (95% CI: 7.4 -54.4). Conclusion: Differences between study populations hampered the comparability of the included studies. Although the majority of studies were underpowered, by using a meta-analytic approach we found an inverse association between birth weight and circulating cortisol level. Thus, our findings suggest that there is some evidence for a possible role of the hypothalamus -pituitary-adrenal axis in the epidemiological association between birth weight and cardiovascular disease. However, the strength of the overall association between birth weight and circulating cortisol level was weak.
Introduction
There is evidence from epidemiological studies that cardiovascular disease -including its risk factors, such as hypertension and type 2 diabetes mellitus -is associated with low birth weight (1 -3) . The link between cardiovascular disease and low birth weight might be explained by a phenomenon called perinatal programming, i.e. persistent structural, hormonal and/or metabolic adaptations of an individual in response to specific insults acting at critical periods in development. Alternatively, it might be explained by genes which predispose to intrauterine growth retardation as well as to cardiovascular disease and diabetes mellitus type 2 (4) .
Pathologically increased activity of the hypothalamus-pituitary -adrenal (HPA) axis -as in Cushing's syndrome -is associated with cardiovascular disease, raised blood pressure and impaired glucose tolerance. More subtle activation of the HPA axis is associated with a similar but milder phenotype (5 -8) . Through its effects on several cardiovascular, hormonal and metabolic targets, and its possible susceptibility to the effects of perinatal programming (9) , in the early 1990s the idea was launched that the HPA axis may explain part of the epidemiologic association between birth weight and later cardiovascular disease (10) . Evidence for possible programming of the HPA axis in humans was first suggested in 1996 by Clark et al. (11) , who found a Ushaped relation between birth weight and glucocorticoid metabolite excretion in 24-h urine samples.
In 1998, Phillips et al. (12) were the first to report an inverse association between birth weight and circulating cortisol level in a population of elderly men. Thereafter, a number of other studies on this topic were published. As these had different study populations, methods and results, we systematically reviewed the available literature. We conducted a meta-analysis in order to investigate whether there is really an inverse association between birth weight and circulating cortisol level.
Methods
A literature search was conducted for papers published between January 1995 and June 2004 in PubMed. Papers about cortisol in blood in relation to birth weight were searched using combinations of the text words 'birth weight', 'birthweight', 'cortisol' and 'hydrocortisone' in the title or abstract (not medical subject heading terms). We restricted the search to studies in humans and written in English. Papers were identified by title and selected by abstract reviewing. Papers were selected if the abstract indicated that basal cortisol in blood (plasma or serum) had been measured in relation to birth weight in persons aged . 1 years. Reference lists of selected papers were searched for further relevant studies. For completeness, a literature search was also performed in EMBASE.
The first two authors independently reviewed the selected papers. Of the included papers, the following characteristics were recorded: year of publication and sample size, and sex distribution, age, gestational age, birth weight and cortisol level of the participants, and the type of cortisol assay.
Statistical analysis
If possible, regression coefficients and their standard errors were directly extracted from the papers. In several papers only the mean circulating cortisol level with standard error or standard deviation was displayed for subgroups of birth weight. In this situation, the regression coefficient was estimated by:
with Y i the mean circulating cortisol level in category i, X i the mean birth weight and n i the number of subjects in category i, and with X ¼ P n i X i = P n i the estimated overall mean birth weight and Y ¼ P n i Y i = P n i the estimated overall mean circulating cortisol level.
The standard error of b was then estimated by:
with se i the standard error of Y in category i. Regression coefficients of individual studies were pooled using techniques for meta-analysis (13). To take account of possible heterogeneity between studies, a meta-analysis with random study effect was performed.
Results

Description of the included studies
The primary PubMed search yielded 183 papers. The restriction to studies in humans and written in English limited the search result to 144 titles. Of these, 24 were selected from the abstract. Nine of these were included after having read the full content (12, 14 -21) . One study was conducted in three populations of different ages in cohorts from Hertfordshire (UK), Preston (UK) and Adelaide (Australia) (17) ; one of these populations (the Hertfordshire cohort) was the females of a cohort of which the males had been analyzed earlier with respect to circulating cortisol level (12) . One study (14) had included the men and women from the same cohort as had been previously studied by Phillips et al. (12, 17) and was therefore excluded. In addition, another two papers (22, 23) were included after having examined the reference lists of the already included papers. The search in EMBASE did not identify any additional relevant papers. Thus, our analysis was based upon ten papers with the data of 2301 subjects from 11 study populations. Table 1 shows the characteristics of the included studies. Sample sizes of the individual study populations ranged from 61 to 421. The majority of studies were performed in Europe. Although all study populations were mixed, separate results for males and females were reported for six study populations (12, 15, 17, 18, 20) . Inclusion criteria differed substantially between studies. Two studies had included individuals born prematurely (18, 20) . Studies used different definitions for low birth weight. Mean gestational age ranged from 32.0 to 40.1 weeks, and mean birth weight from 1.67 to 3.48 kg. Mean circulating cortisol level ranged from 158.0 to 481.6 nmol/l. In most studies, cortisol was analyzed in a single venous blood sample drawn between 0730 and 1000 h after an overnight fast. In one study, an alternative procedure was performed: children were kept in hospital for at least a 24-h period during which they received a normal diet (21) . Within the 24 h, eight samples were drawn. The mean circulating cortisol level of the samples drawn at 0600 and 1000 h was used in the metaanalysis. Cortisol was analyzed by RIA in seven studies (12, 17, 18, 20 -23) , other immunoassays in two studies (15, 19) and by an ' ACS auto analyzer' in one study (16) .
In five study populations, a statistically significant inverse association between birth weight and circulating cortisol level was found in males and/or females, or in the population as a whole (12, 16 -18) . To express the relation between birth weight and circulating cortisol level, either linear regression analysis (12, 17) or comparison of mean circulating cortisol level between subgroups of birth weight were used by the studies (15, 16, 18 -23) . To estimate the regression coefficient from the paper by Tenhola et al. (19) , data on the mean birth weight of the SGA and AGA groups were extracted from a previous study by the same research group (24) . The standard error of the cortisol values was estimated from the P value of the t-test for the difference between the SGA and AGA group. In the paper by Dahlgren et al. (21) , birth weight was displayed as a standard deviation score only. To estimate the difference between the SGA and AGA groups in grams, the intrauterine growth curve of the Swedish reference population was used (25) . Reported (12, 17) and estimated (15, 16, 18 -23) regression coefficients with 95% and 99% confidence intervals (CI) of the individual study populations are summarized in Table 2 .
Quantitative analyses in the entire population A 1 kg lower birth weight was associated with a 25.3 nmol/l (95% CI: 5.9 to 44.8) higher circulating cortisol level (Fig. 1) . In comparison, the association was 27.9 nmol/l per kg (95% CI: 17.0 to 38.6) in a fixed effects model. In one of the papers by Phillips et al. (17) , only regression coefficients adjusted for age and body mass index (BMI) were displayed. Therefore an analysis was also performed after exclusion of the three study populations in their paper. This strongly reduced the strength of the association to 18.5 nmol/l per kg (95% CI: 2 12.7 to 49.7). Furthermore, an analysis was performed after exclusion of individuals born prematurely (18, 20) . The strength of the association between birth weight and circulating cortisol level hardly changed: 24.2 nmol/l per kg (95% CI: 2 0.6 to 48.9). 
Quantitative analyses by gender
To test whether the association between birth weight and circulating cortisol level was different between genders, we also performed an analysis on the data of the five papers (six study populations) that displayed data for males and females separately (12, 15, 17, 18, 20) . A 1 kg lower birth weight was associated with a 20.6 nmol/l (95% CI: 4.2 to 37.0) higher circulating cortisol level in males ( Fig. 2A) and a 30.9 nmol/l (95% CI: 7.4 to 54.4) higher cortisol level in females (Fig. 2B) . We also studied the relation between the sample size of each study population, and the strength of the association between birth weight and circulating cortisol level. The strength of the association within study populations was irrespective of the sample size (Fig. 3) .
Discussion
We performed a systematic review of the available literature about the association between birth weight and circulating cortisol level at later age. Although the majority of studies included in our review did not find an effect of birth weight on circulating cortisol level, we found a statistically significant inverse association in a pooled data analysis.
It should be remarked that differences between study populations hampered the comparability of the included studies. First, the included study populations differed in geographical area. It has been demonstrated that there is a small difference in circulating cortisol level between white and black persons (26) , but the majority of studies included in our review were performed in Europe. Only one study (16) , which was conducted in South Africa, had included the children of 'primigravid women of mixed ancestry'. Secondly, there were large differences in age between the included study populations. As has been demonstrated by others, physiological ageing is associated with a reduced amplitude of circadian cortisol fluctuations and altered negative feedback control, but morning circulating cortisol level does not seem to change much with age (27) . Thirdly, there were differences in the sex distribution between the included study populations. As differences in A-ring reduction between genders have been reported (28) , data were also analyzed separately for males and females. However, we did not find evidence that the association between birth weight and circulating cortisol level was substantially different between genders. This is in line with the findings from a recent study performing dynamic HPA axis function testing, which found that the strength of the relation between birth weight and plasma cortisol rise after adrenocorticotrophin (ACTH) 1-24 was similar for men and women (29) . Fourthly, studies used different definitions for low birth weight. Finally, two studies had included individuals born prematurely. As there is evidence that circulating cortisol level as well as cortisol production are dependent on gestational age (15, 20) , we also performed an analysis restricted to individuals born after full-term gestation. However, exclusion of (only a limited number of) individuals born prematurely hardly changed the association between birth weight and circulating cortisol level. As we believe that the five aforementioned differences between study populations could not be ignored, a meta-analysis with random study effect was performed, though the strength of the overall association was nearly the same in a fixed effects model.
Studies also differed in their analytical methods: either linear regression analysis or comparison of mean circulating cortisol level between subgroups of birth weight. If the latter method was used -which was the case for most studies -it was always necessary to estimate the regression coefficient and the standard error. In one of the studies by Phillips et al. (17) , only adjusted data were reported (adjusted for age and BMI). As there are constraints in adjusting for current size in 'foetal origins' studies (30), we also performed an analysis after exclusion of their data. This strongly reduced the magnitude of the pooled regression coefficient. However, earlier studies in the same subjects from Hertfordshire showed a positive relation between birth weight and current BMI in the males (31) , and no relation at all in the females (32) . Furthermore, current BMI was inversely associated with circulating cortisol level. Thus, adjustment for current BMI would rather decrease the relation between birth weight and circulating cortisol level than enhance it, implying that we only underestimated the true effect of birth weight on cortisol. Therefore, we did not exclude their data from our meta-analysis.
Our meta-analysis was based upon published data only. There may be a tendency to selectively publish results from large studies that are statistically significant. However, most studies included in our analysis were negative, i.e. they showed no statistically significant relation between birth weight and circulating cortisol level. Moreover, we did not find an association between the sample size of each study population and the strength of the association between birth weight and circulating cortisol level. We therefore believe that there is only minimal influence of possible publication bias on the outcomes of our meta-analysis.
How could the inverse association between birth weight and circulating cortisol level be explained? Circulating cortisol reflects the balance between cortisol production, and reversible interconversion to cortisone by 11b-hydroxysteroid dehydrogenases (11b-HSDs) and irreversible breakdown by A-ring reductases. Elevated circulating cortisol level may therefore result from increased cortisol production as well as decreased inactivation. The elderly males from Hertfordshire with low birth weight had elevated 24-h urinary excretion of cortisol metabolites and enhanced responses of plasma cortisol to ACTH 1-24 (33) . Their cortisol and ACTH levels after overnight low-dose dexamethasone suppression did not differ from the other men (33, 34) . Unexpectedly, their ACTH and cortisol responses to corticotrophinreleasing hormone after dexamethasone were blunted rather than enhanced (34) . Similar to the men, the females from Hertfordshire with low birth weight had enhanced cortisol responsiveness to synthetic ACTH (29) . There is no evidence in humans that low birth weight is associated with alterations in activities of 11b-HSDs (11) . Interestingly, however, in line with earlier findings in rats (35) , a recent study in small preterm infants showed that reduced placental 11b-HSD type 2 activity was associated with less cortisone relative to cortisol in cord blood and lower birth weight (36) .
Conclusion
Papers about the association between birth weight and basal cortisol level have been published from 1998 onwards. Sources of heterogeneity hampered the comparability of these studies. Although the majority of studies were underpowered, by using a meta-analytic approach we found an inverse association between birth weight and circulating cortisol level. Thus, our findings suggest that there is some evidence for a possible role of the HPA axis in the epidemiological association between birth weight and cardiovascular disease, at least in persons born after full-term gestation, but it is emphasized that the strength of the overall association between birth weight and basal cortisol level is weak.
